Objectives: Bedaquiline is the first drug of a new class approved for the treatment of TB in decades. Bedaquiline is metabolized by cytochrome P450 (CYP) 3A4 to a less-active M2 metabolite. Its terminal half-life is extremely long (5 -6 months), complicating evaluations of drug -drug interactions. Rifampicin and rifapentine, two anti-TB drugs now being optimized to shorten TB treatment duration, are potent inducers of CYP3A4. This analysis aimed to predict the effect of repeated doses of rifampicin or rifapentine on the steady-state pharmacokinetics of bedaquiline and its M2 metabolite from single-dose data using a model-based approach.
Introduction
In 2012 there were an estimated 8.6 million new cases of TB and 1.3 million TB-related deaths, demonstrating that TB remains a global health threat. 1 The alarming increase of MDR-TB, i.e. TB resistant to isoniazid and rifampicin, has sparked renewed efforts within the area of anti-TB drug development. In 2013 two novel drugs (bedaquiline and delamanid) received conditional approval by the European Medicines Agency for the treatment of MDR-TB. For drugsusceptible TB, the current first-line treatment is highly effective, 2 but requires four drugs and a treatment duration of at least 6 months, posing challenges for patients and TB control programmes. 3, 4 Early treatment discontinuation increases the risk of relapse, transmission in the community and perhaps resistance. 5 The need for shorter, easier to follow treatment regimens for both drug-susceptible and drug-resistant TB is urgent.
Bedaquiline is one of the recently introduced drugs for treatment of MDR-TB; it is also under clinical evaluation for the treatment of drug-susceptible TB, but not within regimens containing rifamycins. 6 Bedaquiline is a diarylquinoline with a novel mechanism of action: it disrupts the energy metabolism of mycobacteria by inhibiting mycobacterial ATP synthase. 7, 8 Phase II trials demonstrated that the addition of bedaquiline for 6 months to a multidrug background regimen for MDR-TB significantly improved short-term outcomes (sputum culture conversion to negative after 2 months of treatment) 9 and increased the proportion of negative culture results at both 24 weeks (the end of bedaquiline treatment) 10 and after 96 weeks of follow-up. 11 Cure rates at week 120 were 58% in the bedaquiline group compared with 32% in the placebo group. 11 Bedaquiline causes moderate QT prolongation; the clinical significance of this effect on QT interval is unclear. 10 In the Phase II randomized controlled trial, there was an unexplained increase in late mortality (after completion of study drug) observed in the bedaquiline group compared with the placebo group. 10, 11 Bedaquiline is a cationic amphiphilic drug that is mainly metabolized by N-demethylation catalysed by the cytochrome P450 (CYP) 3A4 enzyme. The resulting metabolite, M2, is 3-to 6-fold less active in vitro in comparison with bedaquiline, and in vitro studies suggest that M2 may cause cytotoxicity and phospholipidosis at lower concentrations than the parent drug. 10 In humans, however, M2 circulates at much lower concentrations than the parent drug, and the clinical exposure-response relationships for both efficacy and safety are poorly characterized for bedaquiline and M2. In the treatment of MDR-TB, bedaquiline is given at a dose of 400 mg once daily for 2 weeks followed by 200 mg three times weekly for 22 weeks; other dosing regimens are currently being investigated for drugsusceptible TB.
Rifampicin has been called the backbone of TB therapy and is the most important contributor to the high cure rates of current first-line treatment. Rifampicin administered at the recommended dose of 600 mg daily is a strong inducer of CYP3A4 and other metabolizing enzymes, this induction causes a wide range of clinically significant drug -drug interactions.
12 Rifapentine belongs to the same class of rifamycin compounds, but it has a lower MIC against Mycobacterium tuberculosis and a longer halflife. 13 Rifapentine administered once weekly is used for the treatment of latent TB and daily dosing of 600 mg, aiming to increase rifamycin exposure in the treatment of TB, is currently being investigated. At doses relevant for clinical use, its induction effect on CYP3A4 may be as strong as that of rifampicin. 13 -16 A study was conducted to assess the effects of rifamycin administration on bedaquiline and M2 pharmacokinetics (PK), safety and tolerability, comparing rifapentine with rifampicin. A descriptive non-compartmental analysis evaluating secondary PK parameters of single-dose bedaquiline with and without the perpetrator drugs has been performed. 17, 18 However, assessing drug -drug interactions for drugs with extremely long half-lives is challenging, and previous modelling work with bedaquiline showed that ratios of 14 day AUC (AUC 0 -14d ) following single doses of bedaquiline with and without the perpetrator drug may substantially underestimate the predicted impact of the interaction during long-term co-administration. 19, 41 The objective of this analysis was to quantify the effect of repeated doses of rifampicin or rifapentine on the single-dose PK of bedaquiline and M2 using a model-based approach and to predict the impact of these rifamycins on bedaquiline and M2 during long-term co-administration.
Patients and methods

Study design
A Phase I, two-arm open-label trial (study number TMC207-CL002) with a two-period, single-sequence design was performed to assess the PK interaction between bedaquiline and rifampicin (Arm 1) or rifapentine (Arm 2) (Figure 1) . Healthy volunteers received a single 400 mg dose of bedaquiline on Day 1 followed by PK sampling (Days 1-14) . On Day 20, Arm 1 participants started 600 mg rifampicin daily and Arm 2 participants started rifapentine 600 mg daily. On Day 29, a second 400 mg dose of bedaquiline was given to all study participants, again followed by 14 days of PK sampling (Days 29 -43). Rifamycin dosing continued throughout the PK sampling period. Blood samples were collected pre-dose and at 1, 2, 3, 4, 5, 6, 8, 12 and 24 h and thereafter every 24th hour until 336 h after each bedaquiline dose and additionally just before the start of the rifamycin administration on Day 20. All clinical research was conducted in accordance with good clinical practice and with local ethics legislation; written informed consent was given by all participants.
Quantification of BDQ and M2
Blood samples were collected in tubes containing sodium heparin. The plasma was separated by centrifugation at 1500 g for 7 min within 30 min of collection and stored at 2208C until analysis. The concentrations of bedaquiline and M2 were determined in the plasma samples after protein precipitation with a validated HPLC methodology with tandem MS detection. Internal standards were used, linearity was demonstrated between 1 and 2000 ng/mL for both compounds and 10-fold dilution for analysis of samples up to 16 000 ng/mL was possible. The lower limit of quantification was 1 ng/mL for both compounds. The bias and precision were well within the acceptable limits of +15% and coefficient of variation 15%.
Model development
The population PK of bedaquiline and M2 was described with non-linear mixed-effects modelling estimating both the structural components (absorption, distribution, elimination and the effects of covariates on these parameters) and the stochastic components that capture random variability. Between-subject variability (BSV) and between-occasion variability (BOV) were assumed to be log-normally distributed, and the two bedaquiline doses were regarded as separate occasions. The disposition parameters were estimated relative to the bioavailability since only data collected after oral administration of bedaquiline were available. The fraction of bedaquiline metabolized to M2 was assumed to be constant between the two doses, and parameters for M2 were estimated as relative to this fraction. Allometric scaling was applied to CL and V using body weight and fixed coefficients of 0.75 and 1, respectively. 20 Bedaquiline and M2 data in molar units (transformed with molecular weights of 555.50 g/mol for bedaquiline and 541.47 g/mol for M2) were fitted simultaneously. The effects of concomitant rifamycin administration were parameterized as instantaneous changes in CL of bedaquiline and M2. Different timepoints for the onset of the effect 1 -8 days after the start of rifamycin administration were evaluated. A previously developed model for bedaquiline and M2 was used as the starting point, and historical data from a similarly designed drug-drug interaction study with bedaquiline and efavirenz Rifampicin and rifapentine significantly reduce concentrations of bedaquiline in a comparable population were fitted simultaneously with the new data to increase the precision of parameter estimates. 19 The error model used was additive on a logarithmic scale (rendering it proportional on a normal scale) with separate estimation of the magnitude of the error for the two studies.
The analysis was conducted with the first-order conditional estimation method including eta-epsilon interaction in the software NONMEM 7.2.
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Perl-speaks-NONMEM (version 3.7.5) functionalities and Xpose (version 4) aided the development work and the graphical evaluation. 22, 23 Pirana linked between the above-mentioned software and the computational cluster and was used for documentation of the analysis process. 24 Model selection was based on goodness-of-fit statistics such as the objective function value (minus twice the log-likelihood) plus graphical evaluation using visual predictive checks (VPCs, based on 1000 simulations) and was guided by scientific plausibility. Parameter precisions of the final model were determined with a non-parametric bootstrap (n¼1000).
Impact of interaction effect
The impact of rifamycins on bedaquiline PK during continuous co-administration was quantified by comparing predicted average steady-state concentrations (C ss,avg , Equation 1) calculated from apparent clearance (CL/F, where F is bioavailability), the dose and the dosing interval (t). With the same bedaquiline dosing strategy in both cases, relative C ss,avg (Rel C ss,avg ) comparing bedaquiline with rifamycin co-administration to bedaquiline administered alone, is described by Equation 2. As long as the fraction of bedaquiline metabolized to M2 is assumed to be constant, analogous equations can be used in calculations for M2.
Rel Css,avg = C ss,avg RIForRPT
Non-compartmental analysis and posterior predictive check PK drug -drug interactions are commonly quantified by the geometric mean of ratios (GMRs) of observed exposure (AUC) and C max of the victim drug with and without the perpetrator drug. Means of ratios have previously been reported for this study, 17, 18 for other similar studies with bedaquiline and antiretroviral drugs 25, 26 and in the product label. 27 For comparison, the PK data were also evaluated with a non-compartmental analysis (NCA) approach and GMRs of AUC 0 -14d were calculated. An R package implementing traditional NCA procedures computing AUC and C max and allowing simultaneous analysis of observed data and datasets with the same design, but observations generated by stochastic simulations from the final model (n¼1000), was utilized. 28 Additionally, a posterior predictive check comparing the NCA results of the observed and simulated data served as a model diagnostic. 29 The posterior predictive check can give confidence intervals of a given statistic (here AUC 0 -14d ) calculated on model-generated data to be compared with the same statistic calculated on the original data. Agreement between the two indicates that the model is valid for analysis of the given statistic.
Results
Study population and PK observations
The trial included 32 healthy volunteers, with 16 individuals in each rifamycin arm. The median age was 31 years, the median weight was 82 kg, 12.5% were female and 87.5% were of white race (Table 1) . Bedaquiline alone and in combination with the rifamycins was generally well tolerated. There were three premature discontinuations, all in the rifampicin arm: two due to failure to comply with study procedures and one due to an adverse event with unlikely relationship to study treatment. In total, 1419 observations each of bedaquiline and M2 plasma concentrations were available. Other than the 32 pre-dose samples from the first occasion, no concentrations were below the lower limit of quantification for bedaquiline, but 19 M2 observations from the sampling 1 h post-dose during the first occasion were. The observations below the lower limit of quantification were excluded from the analysis. Trial data were fitted together with a historical bedaquiline PK dataset including 1083 bedaquiline and 1055 M2 plasma concentration observations between 0 and 336 h after a 400 mg bedaquiline dose administered alone or together with efavirenz.
Model development
The structure of the previously developed population PK model, including absorption through a dynamic transit compartment model, three disposition compartments for bedaquiline and two for M2, fitted the current study data well. Rifampicin and rifapentine increased bedaquiline CL to 478% [relative standard error (RSE) 9.1%] and 389% (RSE 5.0%) of the CL of bedaquiline when administered alone, respectively. For both rifamycins, the induction effect on M2 CL was similar to that on bedaquiline CL, and estimation of a separate fixed effect parameter for the change 
in M2 CL did not improve the fit of the model significantly, while a separate random effect did. The coefficient of variation (CV) for the induction effects' BSVs were between 18% and 33% ( Table 2 ). The correlation between individual effects on bedaquiline and M2 were positive, i.e. a strong effect on bedaquiline was associated with a strong effect on M2, and the correlation between individual induction effects and individual CL values was negative (i.e. for individuals with already high CL the induction effect was less pronounced). Parameterizing the CLs to change after 3 days of rifamycin administration provided the best fit based on objective function value, and the magnitude of the estimated interaction effect remained similar over the evaluated range of timepoints for onset. The residual errors for bedaquiline and M2 observations from the same timepoint were correlated by 55%. A weighting factor was applied to allow larger residual errors during the absorption period (all observations between 0 and 6 h post-dose) and was estimated at 2.2 (RSE 6.9%). The model parameters were estimated with good precision and are listed in Table 2 . The model described the data well, as shown by the VPC in Figure 2 , although the variability in bedaquiline and M2 concentrations during rifamycin induction was somewhat overpredicted.
Impact of interaction effect
The interaction with rifampicin during continuous co-administration is predicted to decrease the C ss,avg of bedaquiline and M2 to 21% (RSE 9.10%) of the levels expected when bedaquiline is administered alone. The interaction with rifapentine is only slightly less strong and would decrease the C ss,avg of bedaquiline and M2 to 25% (RSE 5.0%). Typical bedaquiline and M2 concentration-time profiles (for a 70 kg healthy volunteer) during the first 4 weeks of bedaquiline administration alone or with rifamycin co-administration were simulated (Figure 3) . Results of simulations of a dose adjustment to mitigate the interaction effect are shown in Figure 4 and are further explained in the Discussion section.
Non-compartmental analysis and posterior predictive check
The GMRs calculated from NCA of observed data that compared the AUC 0 -14d of bedaquiline and M2 with and without rifamycins were 41.0% for bedaquiline with rifampicin, 42.8% for bedaquiline with rifapentine, 78.9% for M2 with rifampicin and 85.5% for M2 with rifapentine. Using NCA to analyse datasets with the same design as the original study, but simulated by the final model, the median (2.5 and 97.5 percentiles) GMRs of AUC 0 -14d in the 100 datasets were, for bedaquiline, 40.6% (34.5% -47.7%) with rifampicin and 47.8% (41.9% -54.3%) for rifapentine, and those for M2 were 76.7% (64.7%-90.7%) and 89.0% (76.4%-104.6%), respectively. These GMRs agreed well with the GMRs from the observed data; the 95% prediction intervals included the observed value in all cases, confirming the model's good performance.
Discussion
Using a model-based approach, we estimate that both rifampicin and rifapentine at standard doses substantially increase bedaquiline and M2 CL 5-fold and 4-fold, respectively. The most likely mechanism is via up-regulation of CYP3A4, the enzyme responsible for metabolism of bedaquiline and M2. The increased CL with rifamycins reduces bedaquiline C ss,avg levels to 21% -25% of the average concentrations expected when bedaquiline is administered alone. While the exposure -response relationship of bedaquiline is not yet well defined, it is still likely that such a marked decrease in drug exposure is clinically important and could result in lower efficacy. The M2 metabolite is not thought to contribute significantly to the activity of bedaquiline treatment, but it may contribute to drug-related toxicities. Concentrations of the M2 metabolite are predicted to be decreased in similar fashion to the parent drug with prolonged dosing in the presence of rifamycins; however, the increased bedaquiline CL will result in higher peak concentrations of M2 during the first week of treatment (Figure 3) . Dose adjustments when bedaquiline is co-administered with rifampicin or rifapentine to achieve average bedaquiline exposures similar to average exposures when bedaquiline is administered alone are theoretically possible, but peak and trough concentrations would inevitably be more extreme unless the dosing interval is shortened. An example of such a regimen for bedaquiline co-administered with rifampicin is 1000 mg of bedaquiline daily during the first 2 weeks and thereafter 1000 mg three times weekly; typical profiles for this alternative dosing schema compared with the standard regimen (400 mg daily during the first 2 weeks and thereafter 200 mg three times weekly) with and without rifampicin are illustrated in Figure 4 . Higher bedaquiline doses would necessarily mean increased M2 peak concentrations early in the treatment period, and the safety implications of this increase are unclear. Both bedaquiline and M2 inhibit the cardiac hERG/IKr potassium channels in vitro, 30 and modest QT prolongation has been observed during clinical trials. 10, 31 Exposureresponse data indicate that there may be an association between M2 exposures and observed QT prolongation, though exposures explain very little of the variability in QT prolongation; no concentration -QT relationship was evident for bedaquiline. 31 Moreover, M2 is a cationic amphiphilic compound that induces phospholipidosis (intracellular accumulation of phospholipids and formation of lysosomal lamellar bodies) in vitro to a greater extent than bedaquiline. 32, 33 For the above-mentioned example of 1000 mg of bedaquiline with rifampicin, the typical C max for M2 after the first and last doses during the 2 weeks of daily bedaquiline administration at the start of therapy would be increased by co-administration of rifampicin to 457% and 179% compared with 400 mg daily without rifampicin, respectively. However, the M2 concentrations remain well below the bedaquiline concentrations and the model seems to modestly overpredict M2 C max , as shown by the VPC (Figure 2) , which should be kept in mind when drawing inferences from the simulation results. The BSV in CL of bedaquiline and M2 with rifamycin induction and, consequently, in average steady-state concentrations are decreased because of the correlation between CL and the induction effect, which may be beneficial. However, the safety implications of increased M2 peak concentrations or more frequent bedaquiline administration are unknown. An adjusted bedaquiline dosage during rifamycin co-administration would also be more costly and cannot be recommended at this time. Assessment of the PK interaction between bedaquiline and rifabutin, another rifamycin generally claimed to be a less strong inducer, 15, 34, 35 is currently ongoing and will indicate whether rifabutin is a viable alternative rifamycin that can be used in combination therapies for drug-susceptible TB that include bedaquiline.
Rifampicin and rifapentine significantly reduce concentrations of bedaquiline Performing a posterior predictive check comparing NCA results on observed and model-simulated data is a diagnostic tool validating the model for calculation of the traditional secondary PK statistic of interest (AUC 0 -14d ) and has the additional benefit that it allows comparisons with previous analyses. The model presented here demonstrated very good agreement between AUC 0 -14d calculated from observed and simulated data for both bedaquiline and M2, which confirms the model's validity for evaluation of this measure.
GMRs from NCA analyses of PK data collected over 14 days following a single dose suggest a lower impact of the interaction compared with the model-based predictions of longer-term effects of rifamycins on bedaquiline and M2 concentrations. The main reason is that the 14 day sampling period only covers a limited part of the total AUC. Model predictions indicate that the AUC 0 -14d only captures 51% [relative standard deviation (RSD) 10 .9%] and 29% (RSD 19.9%) of the AUC 0 -1 of bedaquiline and M2, respectively, after a single bedaquiline dose given alone. When rifampicin is given together with bedaquiline, though, the observed percentage of bedaquiline and M2 total exposures (AUC 0 -1 ) that is captured over 14 days of PK sampling increases to 83% (RSD 3.0%) and 78% (RSD 3.9%). The difference in the percentage of the total AUC that is observed when comparing bedaquiline alone with bedaquiline given with an inducer will contribute to the bias in the NCA GMRs. More importantly, the interaction effect of the rifamycins on bedaquiline involves induction of metabolic enzymes that primarily affect the elimination phase. NCA GMRs based on partial AUCs will, thus, unavoidably underpredict the impact of the interaction when a large part of the elimination phase is overlooked in the analysis. AUC 0 -1 values calculated with NCA were lower than the model-based predictions, while AUC 0 -336h values were similar. From this it follows that the NCA indicates a larger portion of total AUC to be covered during the sampling period (about 87% for bedaquiline and 52% for M2% when administered without rifamycins). 18 The difference is likely to be caused by the fact that that the long terminal half-life of the two compounds cannot be accurately determined with NCA based on data for 14 days. Another consequence is that assessment of the impact of an interaction based on NCA-calculated AUC 0 -1 will not be a reliable alternative.
PK properties in healthy volunteers and patients with TB may differ for several reasons, e.g. differences in nutritional status and body composition may impact absorption and bioavailability 36, 37 or alter levels of protein binding. 38, 39 Since protein binding of bedaquiline and M2 is exceedingly high (.99.9% for bedaquiline and similar for M2 10 ), small changes in plasma protein levels will have a direct influence on the unbound fraction of both compounds, which in itself directly impacts PK properties. The plasma proteins to which bedaquiline and M2 bind are unknown, but plasma albumin, being the most abundant plasma protein, is likely to be involved. In TB patients the plasma albumin levels are generally decreased, 38, 39 which would result in a larger fraction of unbound drug and hence higher CL and V, with lower plasma concentrations as a consequence. Lower exposure to bedaquiline and M2 in patients with MDR-TB compared with healthy volunteers was observed in previous clinical studies and was described as differences in bioavailability, potentially due to disparities in food intake or intestinal permeability, and CL. 40 The predicted steady-state concentrations simulated from this model developed on data from healthy volunteers are therefore Table 2 . Rifampicin and rifapentine significantly reduce concentrations of bedaquiline 1111 JAC decisions regarding the composition of regimens to study further in TB patients, potential dose adjustments needed, and trial design.
Other limitations of this work include the lack of varied rifamycin doses and measured rifamycin concentrations, which makes it impossible to investigate the effect of rifamycin levels on the magnitude of the interaction effect. No PK sampling was conducted between the start of rifamycin administration and the time of assumed full induction and it is therefore futile to characterize the time course of the induction process. The simplistic onoff effect implemented in the developed model is sufficient for estimation of the full induction effect of the administered dose, which was the aim of this work, but cannot be used directly to describe the effect of other rifamycin doses or a situation in which rifamycin co-administration is started during ongoing treatment with bedaquiline.
In this work we have characterized the interaction effects of rifamycins on the concentrations of bedaquiline and its main metabolite, M2, using population PK analysis. We provide the first predictions of the impact of continuous co-administration of rifampicin or rifapentine on bedaquiline exposure. The results showed that significant reductions in bedaquiline and M2 are expected if bedaquiline is given together with rifampicin or rifapentine. We investigated potential dose adjustments to mitigate the impact of the interaction, but the doses required to achieve the desired concentrations of bedaquiline would be costly and would result in high M2 peaks during the early phase of treatment, with unclear safety implications. In line with the bedaquiline product label and the current strategy for the composition of bedaquiline-containing regimens under investigation for the treatment of drug-susceptible TB, we do not recommend concomitant use of bedaquiline and rifampicin or rifapentine before the therapeutic window of bedaquiline has been fully established and the safety profile of M2 is better known. 
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